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New analyses of absorption bands of NO, based on high resolution

ABSTRACT

spectrograms of three isotopic NO molecules in the wavelength region
1550 - 1400 A. are reported. The rotational and vibrational structures as
well as the intensities of the observed bands are largely determined by the
numerous interactions found between Rydberg- type aﬁd non-Rydberg- type
energy levels of identical symmetry. Several new Rydberg states of sym-
metries ZZ+, ZH, ZA are established and ordered into a consistent scheme.
A value of I(NO, X 2H%) = 9,266 eV is obtained from a Rydberg extrapola-
tion. The non-Rydberg states resulting from configurations 0772 and 1137r
have all been identified except for a Z<I> state. In particular, some sharp
as well as some recognizable diffuse levels belonging to the state (01)'2)

2
1 2+ have been found in spite of the presence at those energies of the re-

pulsive state (EZp) A 22+ arising from ground state atoms N + O. The

N

numerical results are presented in Tables 1 -3,
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I. INTRODUCTION

The detailed study of the absorption spectrum of nitric oxide was
initiated a few years ago when plates taken with vacuum spectrographs of
high resolving power became available (Lagerqvist and Miescher 1958,
1962; Huber and Miescher 1963; Lofthus and Miescher 1964). It has
since been demonstrated that this molecule is particularly well suited for
a detailed investigation of the excited states of a molecular system up to
the limit of ionization. Owing to the comparatively low ionization poten-
tial of NO (9.27 eV) the interesting part of the spectrum of this molecule,

in contrast to, e.g., N_ or O

2 X falls into the region of longer wave-

lengths (A = 1200 ﬁ.) which has become accessible in recent years with
the most powerful instruments. Throughout the entire Schumann region
down to 1200 A the absorption spectrum of NO is full of sharp bands
which can be resolved today into fine structure due to rotation, electron
spin and A -doubling. The structure of this spectrum is extremely com-
plex and the ordering of the observed bands into electronic or vibrational
systems is by no means obvious; neither Rydberg series nor band con-
vergences can immediately be recognized; however, the detailed analysis
has now resulted in a progressive understanding of the observations.

As has been stated repeatedly, the system of excited states of NO
is characterized by a clear division into two separate classes, viz.,
Rydberg- (R-) and non-Rydberg- (NR-) states (see Fig. la). In the R-
states ... (O Zp)2 (w 2p)4 Anf, n = 3, one single electron is excited into

a Rydberg- type orbital and its energy is of no consequence with respect
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to the properties of the 12+ molecular core. The R- states form the {-
complexes shown in Fig. la. The NR- states result from the unfilled-
shell configurations of the 2p electrons and they are characterized by
considerably looser binding in the molecule:

— , 2
.o ((pr)2 (7 2p)4 o2p : A 2+,

2

..o2p mep)t@ep®: B'AA, Gz, 1%, i),

.. (O’Zp)z (172p)3 (1sz)2 : B 2II, L 2II, pzn, L Z<I>, (a 4II) .
Only doublet states will be further discussed in this paper.

Fig. 1b shows schematic potential curves of a R~ and a NR- state
and of the ground state. It is evident that the zero order R- and NR-
curves cross each other; therefore, strong interactions between R- and
NR - states of the same symmetry can occur. Since the magnitudes of the
rotational constants in R- states are much larger than those in NR- states,
the total energies W= T+ B J(J + 1) of pairs of R- and NR- states are
often found to cross each other, as illustrated schematically in Fig. 2.

The observed rotational term sequences are the perturbed W'=Tzxe+ F(J),
where F(J) is described by B- values which are no longer constant but

functions of J defined as

A F A F
B(J) = ——— or B(J) =

2(J + 1) 4742

The magnitude of the interaction energy H varies greatly from case to
case. These perturbations are widely responsible for the structure of
the observed spectrum and its apparent complexity, and they are respon-

sible also for the evident nonsimilarity between the band structures
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1
observed in the spectra of different isotopic molecules N14016, N 5016,

N14018. Since in R- as well as in NR- states the equilibrium internuclear
distance differs considerably from that in the ground state, the absorption
spectrum consists of long vibrational progressions; i.e., the majority of
the observed energy levels contain a large amount of vibrational energy
which varies depending on the mass of the isotope. For this reason the
relationship between interacting vibrational levels can be quite different
from isotope to isotope.

On the other hand the determination of the symmetry type (¥, II, A)
of R- states is strongly supported by observations of just these interactions
between R= and NR- levels. It is difficult to distinguish between unper-
turbed R- levels since they all have a vanishingly small spin splitting and
identical values of B and w, whereas the NR- states show considerable
variation in their properties. Strong interactions occur only between R-
and NR- levels for states of identical symmetry (homogeneous perturba-
tion). X~Z interactions do not involve the levels of the NR - state G ZE_
(cf., Lofthus and Miescher 1964), since there exist no R- states of ZZ-
symmetry. 22+ R- states show many predissociations caused by the re-
pulsive A' 22+ state arising from ground state atoms, whereas perturbed
band structure due to interaction with the NR- state I 22+ has been found
in only one R- level. ZH NZH interactions are much more complicated
because they involve the levels of three 2H NR- states, each having a
large spin doublet separation, namely the high vibrational levels v > 21

2
of B ZH and the higher lying states L ZH and P II. At these high
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energies it is difficult to distinguish between these three II NR- states
which to a certain extent mix with each other. Much simpler and striking-
2
ly analogous to the R ~ NR interactions between C Il (v = 4) and
2
B Il (v = 19) studied by Lagerqvist and Miescher (1958) are the mutual
2
interactions in the ZA states. As only one NR- state, B' “A, exists, the

2
A R- levels are plainly discerned from the observed perturbations in the

B' ZA NR- levels.

Compared with the discussed homogeneous interations (Z~X, II ~II,

A ~A) heterogeneous perturbations (X ~II, Il ~A) are small; nevertheless

they are perceptible, be it as A - doubling in R ~ R interactions or as
anomalous doublet splitting in R ~ NR interactions or as predissociation
of ZH levels by the A' 22+ continuum.

In the following three sections the results obtained for 22+, ZH, ZA
levels of R- as well as of NR- states will be discussed successively.
Three tables (Tables 1l - 3) contain the numerical data. Constants for
lower lying levels not included in these tables have been given by Barrow
and Miescher (1957) and in the papers quoted at the beginning of this sec-
tion.

A short description of the experimental setup (10-meter vacuum
spectrograph at the National Research Council of Canada, liquid oxygen
cooled absorption cell, Lyman continuum) has been given by Lofthus and
Miescher (1964).

II. 22+ STATES

2 . .
Two Z+ NR - states have been derived from electron configurations
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. ; . . 1 2+ .
in Section I. One of these is the repulsive state A I (see Fig. 3), where-
2
as the other one, I E+, would be expected to have a stable minimum at an
energy somewhat above that of B' ZA. However, at these energies these
2+
two X NR- states presumably mix appreciably with each other. Experi-
2
mental evidence for the existence of discrete sharp as well as diffuse 2+
NR - energy levels is presented for the first time here (see Table 1) and
demonstrates that the degree of mixing varies considerably from one vibra-
2
tional level of 1 E+ to another and even from one isotope to another at the
same vibrational quantum number v. The vibrational overlap (Franck-
Condon factors) between A' and I must go through considerable variations
in the observed energy range; in particular it must assume very small
. . 2+
values at some energies, allowing some levels of I ¥ to be almost free
from broadening.
. . . 2.+ .
The information now available on the new I X NR- state is much
2. 2
more fragmentary than that on the related G X and B' A states. A
total of seven observed bands, counting all three isotopes, can be ordered
into a vibrational progression as shown in Table 4. Quantum numbers v
and system origin To are tentatively assigned from the observed vibra-
tional isotope shifts assuming that the band positions are not much per-
turbed and that the anharmonicity of the I state is similar to that of G
and B' (wx = 15 cm-l). Rotational analyses have been carried out for
-1, 14 -1 .15
the two sharp bands at 69993 cm (N "O) and at 68831 cm ~ (N "O). All
other five bands are diffuse. B- values have been estimated for those

bands from the measurements of the distance between the two heads
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formed by the RZl_ branch and the combined R11 + QZI- branch, according

2
to the relation for unperturbed bands of type X (b) - ZH (a) :

(R, - head) - v(Q,.- head) = 2 B' B''/(B'- B'").

21 21
They all fall within the range 1.30 to 1.40 cm“1 in close agreement with
the more accuraie B- value obtained from the detailed analysis of the
14 -1 15 -1
sharp band of N O at 69993 cen . The band of N "O at 68831 cm , ac-
cording to the definition adopted here, actually is a R- band on account of
the high value of B it shows at the lowest rotational quantum numbers J
2+
(cf., Tables 1 and 4). Its upper state is mostly the R- state (05p) R X
at the lowest J- value, but with increasing rotation the B~ value tends
towards the constant value of 1.3 cm"1 which falls well in line with all
2+
other observed B- values of the I X NR- levels. This R ~ NR inter-
. 2+ ;
action between two L states constitutes the only known example for
states of this symmetry in NO where a sharp rotational structure is homo-
-1
geneously perturbed. The interaction energy H is estimated to be 6 cm .
2
Further R ~ NR interactions between E+ states are observed in
. . 2+ . .
the form of diffuseness in several X R- levels, owing to strong predis-
2+
sociation by the repulsive state A' L', However, it appears likely that
the strong predissociation of R- levels observed as diffuseness in absorp-
tion constitutes a case of accidental predissociation, involving three states
2
of identical symmetry; i.e., the predissociation of those Z+ R- levels

2.+
occurs probably indirectly through mixing with vibrational levels of 1 Z

2
which in turn are strongly predissociated by the A' E+ continuum. The




4

.8 -

experimental evidence is as follows. The sharp rotational structure of the
R- level Y 22+ (v=0) in N14O is observed to break off above N =5, This
is almost certainly to be interpreted as onset of diffuseness due to mixing
with the level I(v = 7) which is very diffuse and is observed at 90 cm.1
above the level Y (v=0) at N= 0. With increasing rotation the levels of
I(v="7) must approach those of Y (v=0) owing to the smalier B~ value in
the NR- state I, leading to the observed breaking-off in Y above N=5.
In addition to this predissociation of Y (v= 0) through mixing with I(v= 7)
it probably is meaningful that all other 22+ R- levels which are observed
to be markedly diffuse, i.e., E(v=3), M(v=2) and E (v=4), lie close to
the levels I(v=4, 5 and 6). For these reasons the potential energy curve
of the A' 22+ state has been drawn in Fig. 3 on the assumption that the
strong predissociations in ZE+ R- levels are caused through the intermedi-
ary of the I 22+ state while the unperturbed wave functions of the 22+ R-
levels below 72000 crn-1 do not overlap strongly with A' 22+. The assumed
course of the A' potential curve is also in accordance with the observation
that I ~ A' interactions are relatively weak for the higher vibrational
levels of I(v=4, 5, 6, 7) whereas the lowest levels of I, for which the in-
teraction with A' is expected to be very strong, are not observed.

Eight R- states of symmetry ZZ+ have now been positively identified
below the first ionization limit of NO. The assignment of these states as
the first members of three Rydberg series is illustrated in Figs. la and 3.

Arguments for the assignment of six of these states have been presented

2 _+ 2
by Huber and Miescher (1963). The two states R X and Y E+ have been
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identified in the meantime. Their energy positions coincide precisely with
the values found by extrapolation of the series initiated by (0 3p) D ZZ+ and
(c4p) M ZE+. The 22+ states D, M, R, and Y are related to the ZH states
C, K, Q, and W by ""pure precession" (cf., Section IIIl below). This relation-
ship manifests itself in large A- splittings in the ZH states, from which
constants q are derived, whereas in the 22+ states the observed (apparent)
B- values (Bapp) differ from true rotational constants (Btrue) according to

app Btrue = *q, where q is taken from the appropriate ZH state. The
positive sign applies for the p- complexes discussed here, because the X
states lie above the Il states. The B- values for R- states quoted in Table 1
are defined as B(N) = Al F/2(N+1), except for H(v= 0, 1) where they are
the Btrue values evaluated by Huber and Miescher (1963). Table 5 shows
that the differences Bapp_ Btrue observed for v=0, with Btrue taken as
BO(NO+, X 12+) = 1.992 cm-l, agree moderately well with the q values of
the corresponding Il states.

In the absorption spectrum, the transitions leading to the states D,

M, R, Y of configuration Onp appear with greater intensity than those as-
signed with excitation of 0ns or ond. This might be the reason that the
Onp series is observed up to higher members than the series ons and
ond. The absorption spectrum has been searched for signs of the states
06s, 07s, 05d; however, due to overlapping with stronger bands or to
low absorption intensity on the present plates no assignments could be

made, with the possible exception of 07s. Near the position expected for

2 2
the (0, 0) transition of (07s) Z 2+ - X 1I, a Rydberg band is clearly
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. 14 . .
observed in the spectrum of N O. The lowest established rotational level
in this state is the level with N=1 at 71588.9 cm-l. Presence or absence
of a level N=0 cannot be decided because of weakness of the absorption,
2
but the state is almost certainly a 2+ state because it does not show a A-
splitting while all ZH R- states of NO show large A- splittings even at low
-1
J - values. However, since the value of B= 1.859 cm = is low for a R-
state with v=0, and since no corresponding bands are found in the spectra
of the other isotopes, the assignment 07s must be considered as tentative.
2+
Newly identified vibrational levels of already known X states are
2
included in Table 1. The levels v= 3, 4 of (04s) E 2+ are securely identi-
fied on the basis of vibrational isotope shifts. It is noteworthy that
14
E -X (3,0) is markedly diffuse in N O but sharp in the other two isotopes,
and E —-X (4,0) has almost disappeared on the high dispersion plates on ac-
count of diffuseness in N14O , but can well be seen, though it is diffuse with-
. . 15 . . . . 18
out line structure, in N "O and is only slightly diffuse in NO . In accord-
ance with these observations in the absorption spectrum is the fact that
Feast (1950) has found no emission of bands with v' = 3 in the E - A sys-
14 c e s . . . 18 .
tem of N O. As a curiosity it might be mentioned that in NO = the lines
2 _+ 2 . . .
of the 3,0 band of E X - X II lie very close to the corresponding lines
of the 0, 0 band of N ZA ~-X ZH (to be described in Section IV), resulting
in an accidental "doublet" structure with separations of 3 to 5 cm_l. The
level v=2 of (05p) M 22+ is found diffuse without line structure; the dif-
8

fuseness in this case seems to increase from N14O to NO1 . M-X bands

with v'> 2 have not been found. Finally, the levels v=5, 6 of (04p)D ZE+




- 11 -
are entered into Table 1 (highér €- bands). Their appearance is related to
a heterogeneous interaction with ZH levels which will be described in a sub-
sequent paper.
1. ZH STATES

As has already been stated the perturbations in ZH states are compli-
cated by the fact that above 64000 crn.1 three Z1—1 NR- states with their
numerous vibrational levels, and each with two widely separate spin doublet
components, enter into competition with the ZH R - states of the series 7 np.

The higher ZH NR - states joining the low lying and familiar B 2II
state are designated L 2II and P 2l'I. Weak bands of the L(v)-X(0) progres-
sion begin to be visible for all three isotopes near 65300 cm—1 (see Table 2),
whereas a lower member has been found for N14O only due to an interaction
with the R- state K ZH (v=0). Figures la and 3 show the L state near
63000 cm-l, a position which is based on the isotope shifts found in the bands
near 65300 cm-l. The P 21’[ state first appears as a strong band near 66000
cm_1 where it enters into a three-state interaction (to be described in a later
paper) with C ZH (v=6) and B ZH (v=24).

All ZH R- levels mixing with B 21'1 (v) below 64000 cm-1 belong to the
state 73p C ZII H' ZH of 7 3d does not. interact noticeably). Near the pair
of levels C(v=5)+B(v=21) the R- state 74p K ZH enters into the picture
with its v= 0 level. While this level is only weakly perturbed, the v=1
level shows a pronounced interaction with B (v = 25).

The list of identified vibrational levels of B 2l'I is now complete and

continuous up to v=25 near 66800 cm-l. Between 67000 and 72000 c:m.1



-

- 12 -
no ZH NR- bands have been found in N140 except where they coincide with
and are perturbed by ZH R- bands. The data available on NR- levels in
this region are too incomplete to permit the evaluation of reliable deper-
turbed B- values, vibrational intervals or isotope shifts. For this reason,
the assignment of the observed ZH NR - levels above 67000 cm_1 to specific
electronic states B ZH, L ZH or P ZH becomes increasingly probiematical.

The only Zl'l bands found in the region 67000 to 68800 cm-l, apart
from weak bands tentatively labeled B8 (26, 0) and 8 (28, 0) (cf., Table 2)
are the bands observed in all three isotopes near 68600 cm-l. The study
of the perturbed structure and isotope shifts of these bands shows that a
vibrational level of a ZH NR- state, probably L ZH (v=6), is mixed with
a new R- state which appears at this energy, namely 7 5p Q ZH (v=0). At
somewhat higher energy (69000 cm’l) the v=2 level of K ZH appears with
great intensity. While no appreciable perturbation of this level arises in
N150 and N018, it is mixed in N14O with the close lying level B ZH (v=29)
at low J- values.

Above 69050 cm-l the next ZH bands are found in the region from
70600 to 71500 cm-l. The analyses of all of these bands yield perturbed
upper state rotational term sequences resulting from the mixing of ZH NR-
and ZII R- levels. The study of the perturbed B(J)- values and of vibra-
tional intervals leads to the identification of the new R- state m6p W 2l'I
(v=0) as well as of the vibrational levels Q ZII (v=1) and K 2I'I (v.=3).
Mixed with these three R- levels are a number of NR- levels. A rigorous

deperturbation of the observed rotational term sequences is not possible
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mainly because only one spin doublet component of each state has been ob-
served in this region. Nevertheless an approximate deperturbation, ignor-
ing the influence of the unobserved doublet components, can be carried out
and the results are illustrated in Fig. 4. It is interesting that the observed
terms can be interpreted as a superposition of the three R- levels W (v=0),

2
Q (v=1), and K (v= 3) onto a rather rapidly converging set of II NF

= levels
with steadily decreasing B- values. It almost certainly is meaningful that
this convergence of NR- levels is observed at an energy immediately below
the lowest possible dissociation limit for excited ZII states, i.e., the limit
N (ZD) + 0 (3P) at 71660 cm_l. Although the relationship of the converging
ZH NR- levels to the three known ZH NR- states cannot be determined from
existing data, the isotope shift of the level BLP (d) interacting with K (v= 3)—
assuming that we are dealing with the same NR- level in all three isotopes —
points to an electronic energy in the general vicinity of the L ZII and P ZH
electronic states.

As has already been mentioned in Section II the newly identified 7 np
states Q ZH and W 21’[ » With n=5 and 6 respectively, are closely related
to 22+ R - states in exactly the same way as has been observed before for
the lower members n= 3 and 4 of the same Rydberg series. The data for
all four pairs of X — Il states are presented in Table 5. With increasing
n the distance p(X,Il) shows a regular decrease, accompanied by a cor-

responding increase of the constant q of the A- doubling in agreement with

the '"pure precession' formula

2B% 0(0+1)
Ty, I

q
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with £ = 1. Thus the states of Table 5 form a good example of a Rydberg
series of p- complexes. Related to the size of the A- doubling in the II
states is the excess of the observed "apparent' rotational constant Ba

of the £ states over the unperturbed Rydberg value (cf., Section II).

Iv. ZA STATES
The constants of the identified ZA states are collected in Table 3.
Prominent among these states is the long progression of vibrational levels
belonging to the NR- state B' ZA . Their lowest members have long been
known from the emission spectrum of the NO molecule in which they appear

as B'- bands (B' 2A -X ZH) in the vacuum ultraviolet (Miescher 1956) and

2
A-B 2l’I-transitions in the visible region (Huber, Huber and

as B'
Miescher 1963, Huber 1964). In the emission spectrum nearly all 22 and
zﬂ levels above the dissociation limit of the ground state are missing be-
cause of predissociation by the repulsive A' 22+ state, so that the ZA
levels are almost the only ones leading to emission at the higher energies.
The vibrational levels of B' ZA are now identified up to v=10. By
successive analysis of these NR- levels it is possible to recognize R-
levels of ZA symmetry by their interaction with the B' ZA NR- levels in
a way which is exactly analogous to the situation encountered in the inter-
actions between the vibrational levels of the B ZII NR - state and the vari-
ous 2II R- states. In these interactions it is important to note that the
NR - levels with high values of v exhibit large isotope shifts in contrast to

the low vibrational levels of the higher lying R- states, such that the en-

ergy coincidences between R- and NR- levels shift from isotope to isotope,
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leading to widely different appearance of the perturbations in the spectra
of the different isotopes.
The levels v=4, 6, 7, and 10 of B' ZA are strongly perturbed in
14_16 : o . 2
N 'O . The interactionin v =4 is caused by the R- level F A (v=1)
as has been stated before (Lagerqvist and Miescher 1962). In v=6 a

e . . . ) 2
similar interaction occurs with F "A {v = 2), and although the B' (6, 0)

band of N14016 is hidden in the strong band of K ZH -X (1, 0), the inter-
action parameter can be determined from the B(J) —curve of F ZA {(v=2),
and comparison with the B8'(6, 0) and F - X (2,0) bands of N150 and NO18
shows that in all three isotopes the interaction energy is of nearly the
same size (H= 100 cm—l). In contrast, the perturbation of B' ZA (v=17)

is limited to N14016 and to values of J <103 with a considerably smaller

value of H(H ~ 35 cm '). The band designated B' °A ~x %1 (7, 0) has
previously been lé.beled ""p-band" (Huber and Miescher 1963)., The B(J)
value of B' ZA (v=7) rises rapidly from a NR- value of 1,35 crn-1 at the
lowest J towards the typical R- value of B=2 cm-l, giving the corres-
ponding band the appearance of a R- band apart from the lowest few lines.
In the spectra of N150 and NO18 the two interacting states are clearly
.recognized as two separate ZA levels, viz., the B' ZA (v=7) level plus
a ZA R~ level. Since no level belonging to F ZA falls near B' ZA (v=17),
this ZA R - level must belong to a new state N ZA. This is without any
doubt to be interpreted as the Rydberg state § 4d of the series which
starts with §3d F ZA. This assignment is in accordance with the ob-

2
served quantum defect [§(4d N A)= 4+ 0.07 as compared to §(3d F 2A) = 4

0.06], with the observed isotope shifts and with the clearly identified
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higher vibrational levels N(v=1) and N(v=2) in all three isotopes. The
identification of the state §4d N ZA provides excellent confirmation of the
interpretation given by M. Huber (1964) on the Rydberg states which appear
in the emission spectrum in the visible region.

The level designated B'(v=7), which in NHole
g

goes over into
N (v = 0) with increasing rotation, should be designated B'(v= 7) — N {v = 0).
The related interacting level N(v=0) — B'(v= 7) has not been found in the
absorption spectrum, partly because the corresponding band is overlapped
by the strong (5, 0) -band of G 22- —X 2II » partly because of anomalously
low intensity (cf., Section VI). The identification of the N (0,0) — B' (7, 0)
-band in the emission spectrum will be described in a separate communica-
tion.

Above the level N ZA (v=0) the levels B' ZA (v=8, 9) appear as
nearly unperturbed NR- levels and, lying about midway between these,
F ZA (v=3) appears as an almost pure R- type level. The band B'(10, 0),
however, is strongly perturbed, and in NOIS, where the band is easily
analyzed, the B(J) -value of the B' ZA (v=10) level falls near B=1.5 cm_l,
i.e., the level represents a l:1 mixture of R- and NR- state. A new ZA R-
state is clearly required to explain this observation. While the v=1 level
of the R- state N ZA lying 350 cm-1 below the B' (v= 10) level shows some
NR - mixing, this can account for only a small fraction of the R- contribu-
tion to the B' (v =10) level; furthermore no vibrational level of F ZA falls

2
into this region. The new R- state, U A (v=0) evidently is the §5d R-

state which is expected to fall into the region near 70150 c:m-1 and which
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continues the Rydberg series 6 nd whose lower members are F 2'A and
N ZA .

The level designated B'(v = 10) of NO18 goes over slowly, with in-
creasing J, into U(v=0), and it can therefore be designated as
B'(v=10)—U(v=0). The related interacting state U (v = 0)—B'(v=10)
has not yet been identified partly because of overlapping with the strong
band of G 22-‘— X ZII (8, 0) and partly because of anomalously low in-

tensity (see Section VI).

V. POTENTIAL ENERGY CURVES

All 22+, ZH and ZA states now known or expected with certainty
below the first ionization limit are illustrated by means of potential en-
ergy curves in Fig. 3. A word about the meaning of potential curves may
be in order here because the study of NO has produced a wealth of in-
formation on the structure of states at and above the energies correspond-
ing to intersections of potential curves, and also because the merits of
intersecting versus nonintersecting potential curves in describing per-
turbed states have been subject to controversy as well as confusion in the
literature. The type of curves chosen for presentation in Fig. 3 violates
the noncrossing rule for states of identical symmetry, i.e., the curves
correspond to a low order of approximation in which homogeneous inter-
actions are disregarded. Nevertheless these curves are useful because
the regularly spaced vibration-rotation levels of the unperturbed electronic
states represented by these potential curves are connected to the actually
observed levels through perturbation theory in a straightforward manner.

In principle it would be desirable to describe the actually observed
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levels directly, without prior deperturbation, as vibrational-rotational
eigenvalues belonging to perturbed potential energy curves. Such higher
approximation potential energy curves can be obtained by introducing R -
NR interactions into the electronic eigenvalue problem; they do obey the
noncrossing rule, but they are meaningful only as far as they represent
the electronic energy eigenvalues of a hypothetical molecule with static
nuclei. A description of the vibration-rotation structure of the perturbed
states, however, is not possible based on such curves in any simple and
hence useful way, except when the interaction energy is very large com-
pared to the vibrational energy. The analysis of the perturbations en-
countered in the excited states of NO shows that the ensemble of the ob-
served levels can be described in a reasonably simple way only when
perturbation theory is introduced to the over-all electronic-vibrational-
rotational levels individually. The interactions between levels of B ZH
and C ZH have been described on this basis in Part I (Lagerqvist and
Miescher 1958) where a detailed deperturbation of vibration-rotation
levels has been carried out and has demonstrated the usefulness of this
concept. Interaction parameters H are obtained which are nearly inde-
pendent of rotational energy for any one pair of interacting vibronic levels,
and their variation with vibrational energy is fully consistent with the ex-
pected dependence of H on the vibrational overlap between the unperturbed
states.

V1. INTENSITIES

It has been pointed out repeatedly that Rydberg series belonging to
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the first limit of ionization T, = 74740 cm"1 are not readily recognized in
the absorption spectrum of NO. The spectrum above 1200 A consists of
a superposition of long vibrational progressions of R- as well as NR- type
transitions, the vibrational intervals within these progressions are often
irregular because of strong interactions between R- and NR- states, and
the intensities also are stropgly influenced by these interactions. Marmo
(1953) has published a plot of the NO absorption spectrum recorded at a
rather low resolution (about 1 }o\). His Fig. 4 shows high peaks of the ab-
sorption coefficient in the wavelength range 1500 - 1300 A. Most of them
correspond to diffuse bands with the upper levels I 22+, G 22-, E 22+ (v=23)
and M 22+ (v=2) enhanced in appearance by the low resolution used. Even
on the high resolution plates of the present study line broadening due to
predissociation often varies considerably from N14O to N150 to N018, thus
leading to great apparent intensity differences for one and the same transi-
tion in different isotope spectra.

In addition to the fluctuations of apparent intensities due to predisso-
ciation there are many cases of perturbed intensities due to the mixing of
sharp levels. For example, in the plot of absorption coefficients published
by Marmo (1953) the B-bands have an average intensity one order of mag-
nitude below that of the very prominent §- bands with the exception of
B (12, 0) and B (15, 0) which are mixed with 6 (2, 0) and 6 (3, 0) respectively
(Lagerqgvist and Miescher, 1958) and which appear with two to three times
greater intensity than normal. Similarly, many of the 2l'I NR- bands

above 68000 cm-1 listed in Table 2 derive probably the greater part of
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their intensity from mixing with close lying and inherently stronger ZH
R- transitions.

The pair of bands B (15, 0) and 6 (3, 0) is a particularly nice example
of two very strongly mixed bands in which nearly identical rotational struc-
tures are accompanied by nearly identical absorption intensities [for a re-
production and for further details see Part I, for a photometiric record
see Bethke (1959)]. The study of many of the perturbed bands reported in
Tables 1 -3 has shown, however, that the intensities of transitions to a
pair of mixing states need not be of comparable magnitude at all even
though in such a case of crossing of two unperturbed total energy curves
W (cf., Fig. 2) some other properties of the two interacting states become
identical, e.g., B- values and spin splitting. In Table 6 five examples
are listed of perturbed states for which the crossing of unperturbed ener-
gies occurs at low J values and for which only one of the two perturbed
W' rotational term sequences has been observed in absorption. Examples
of this observation of unequal intensities are given for all three isotopes
and for all three classes of interactions T ~X, Il ~IlI, and A~A. The
notation (already used in SectionIV) Q 0 — L 6 refers to a ZH state
which for J= 4 is mostly Q ZH (v=0) [large B- value] and which passes
into mostly being L ZH (v= 6) [ small B- value] with increasing J. The
interacting partner in this case is a level L 6 — Q 0, however, for this
and for all other examples listed in Table 6, the existence of the inter-
acting partner not shown in the Table can only be deduced from a quanti-
tative analysis of the observed interaction partner whereas direct observa-

tion of these missing states has not been possible.
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The interpretation of the absorption spectrum as given in Tables 1 -
3 and a satisfactory quantitative understanding of the observed states with
their rotational structures depend crucially on the postulated existence of
such states which are needed as interaction partners, but which due to a
small transition probability are not easily observed in transitions from
the ground state X 2II (v=0) of the molecule.

The theory of intensities in perturbations has been formulated by
Dieke (1941) and it is fully consistent with the unequal intensities in pairs
of mutually perturbed bands as observed in NO. Dieke has shown that for
homogeneous perturbations (mixing of states with equal A) the perturbed
intensities Ia’ ].b are related to the unperturbed intensities 11 ’ I2 accord-
ing to the equations

© + W) I = (HNT Iw'\[fg)z

(H'2 + wz) L= (w'\ffli H'JI_Z)Z
The energy shifts H (at the point of intersection, Jo) and w (at the J-
value under consideration) are explained in Fig. 2. One of the perturbed
amplitudes is a sum, the other a difference between terms containing the
unperturbed amplitudes. It is immediately evident that one of the per-
turbed amplitudes must vanish when II/IZ = WZ/HZ. When the unperturbed
intensities are of comparable magnitude [Il/IZ =~ 1], then one of the per-
turbed intensities becomes very small in the region of the crossing where
w2 = HZ. Such a situation is illustrated in the schematic representation

of one-dimensional wave functions in Fig. 5. In the example shown, the
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wave function ¢a is large throughout the region in which wave function ¢b
has an additional node. It is easily visualized that transitions to the states
a and b from a third state X whose wave function ¢X is localized in the
same region will have very different probabilities. Thus the formulae
allow for the observation of only one of two interacting states when the two
unperturbed intensities are of comparabie magnitude. On the other hand
the equality of perturbed intensities found for the pair of bands § (3, 0) and
B (15, 0) in the region where w =~ H is consistent with the large observed
difference between the unperturbed intensities I(5)>> I(B).

The thoughts outlined above can also be applied to radiationless tran-
sitions and they may be partly responsible for the wide range of probabili-
ties for predissociation encountered in the I %4.— X ZH system. For
example, it may be significant that the two sharp observed vibrational
levels of the I ZE+ state coincide closely with 22+ R- states, namely,

R 22+ (v=10) in N150 and E 22+ (v=4) in N14O; the overlap between these
levels of I with the repulsive A 22+ state may be reduced through the

interaction with R- states.

VII. IONIZATION POTENTIAL
The four observed states of series onp 22+ are free from detect-
. . 14 16
able perturbations at low J- values, in N 'O . The observed term values

T0 (n)= T(onp 22+, v=0, N=0) can be fitted to the Rydberg formula

109737 cm-!

To(n) = T°(°°) - (- 5)2

The series limit To(°°) obtained from this equation is equal to the first
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ionization potential of NO provided that the Rydberg states used are not
strongly perturbed, and depending on the assumed variation of the quan-
tum defect § with increasing quantum number n. Since no constant
value of § represents more than two of the observed terms, we assume
that the most probable value of I(NO) is obtained using the highest two

members with n= 5 and 6, which yield the value
2 -1
I(NO, X II,) = 9.266 +0.008 eV (74740 = 60 cm ).
P)

The errors quoted here are based on a deviation of *0.020 allowed be-
tween the values of §(n=>5) and §(n= 6). The term values used and the
resultant quantum defects are listed in Table 7. The value of I(NO) de-
rived here refers to the position of N0+, 12+, v=0, J=0 measured
relative to NO, X ZII%, v=0, J=3. The same quantity has been de-
termined recently by Huber (1961), based on a Rydberg extrapolation of
bands with unresolved rotational structure near 700 1%, with convergence
towards the A 11'[ state of NO+. His result is I(NO, X 2II%) = 9,267 =
0.005 eV.

A closely related quantity has been determined by Watanabe (1954),
and more recently by Nicholson (1963), i.e., the threshold for photoioni-
zation in NO gas at room temperature. Their threshold measurements
are 9.25 £ 0.02 eV and 9.250 % 0.005 eV, respectively. These room tem-
perature threshold energies should be 0.018 €V lower than the spectro-
scopically determined ionization potential of the rotationless ground state

2
II,, because 1) at room temperature the long-wavelength onset of any
2

2
absorption in NO is produced by the H3/2 spin component whose energy
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is 0.015 eV above ZH% , and 2) an additional small reduction in threshold
energy results from the population of rotational levels. The rotational
structure gives rise to a sharp long-wavelength edge at 0.003 eV below
the rotationless energy, formed by the head of the branch with AJ = -3/2,
assuming that the selection rule for AJ in ionization of the 7 2p electron
is AJ=+1/2, *3/2. The threshold energy of 9.248 &V derived from our

spectroscopic data is in excellent agreement with the direct measurements.

VIIl. CONCLUDING REMARKS

The results of the investigation presented in this paper show that
the extremely complex absorption spectrum of the NO molecule has now
been analyzed almost up to the energy corresponding to the first ionization
limit. All observed bands, most of which are highly perturbed, could be
assigned to vibrational levels of either Rydberg- or of valence shell elec-
tronic states predicted from the electronic structure of the molecule. Es-
sential to the dissentangling of the overlapping band structures was the
cooling of the NO gas to liquid oxygen temperature in order to shorten the
individual bands, and also the study of the bands in three different isotopes.
The data for the 70 energy levels given in Tables 1= 3 are well established.
They are provisional only in the sense that more details regarding the ob-
served rotational term sequences and details of the many interactions re-
main to be outlined in future papers.

NO should now be the molecule for which the variety of excited states
below the first ionization limit is understood in most detail. It has be-

come evident also that the many configuration interactions play an important
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part. Yet the system of NO states is a relatively simple one owing to the
widely different properties of R- versus NR- levels. In other molecules
such as N2 or O2 similar situations will perhaps be encountered although
more serious complications will no doubt be found, since these molecules
are not distinguished by a closed shell 12+ core in their R- states.

It is planned to continue this research by photographing the NO spec-
trum at wavelengths shorter than 1400 A with high resolution shortly, and
new spectrograms to be obtained at longer wavelengths should provide ad-

ditional information which is needed to carry out at least a semiquantita-

. . . . 2
tive deperturbation primarily of the II state ensemble.
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Table 1 ZE+- states
-1 1 . 2 1
Energy (cm ) of level N=0, J= 3, relativeto X Il (v=0, J=3).
Blank spaces indicate bands which are either not observed (too weak

or overlapped) or not measured.

Very diffuse without line structure.
Maximum of continuous absorption.
Provisional value.

Value reported by Feast (1950).

Table 2 2II-st:a.tes
Energy (cm-l) of level N=1, J= % (J = 1% for inverted levels) relative
to X °II (v=0, J=3).
Spin doublet splitting (cm'l).
Varying B-values (cm-l) are given in two entries, the first for low J,
the second for highest J observed.
A -doubling [coefficient of N(N +1)].
Mixed levels originating from B ZH, L ZH, P ZH, with mixing ratios

not yet determined.

a,b,c,d,e - Vibrational quantum numbers not yet determined.

]

&

+
'

R
'

Brackets connect mutually interacting levels.
Provisional value.
Irregular A -splittings are observed.

See Huber and Miescher (1963).



Table 1

2.+
Y -states

2 1
E+ states

ERT LT N2ol8
R |NR| v T B T B T B
S 2 || 71792 1.93 71707 1.867 - -
7s | 2 0 || 71587 1.859 - - - -
1t 71 70938 hvd| 1.3 - - - -
bp | Y 0 || 70846 2.11 - - - -
5d | V 0 (expected ~70250 cm-l, not identified)
11 6| 69990 1.350 - - - -
E 4 - - 69870 h vd - 69792 h d 1.78
6s | T 0 (expected ~69870 cm™}, not identified)
S 1 || 69479.7 1.950 69433.8 1.880 69412.0 1.846
M 2 || 69246 va - 69170 vvd - 69120 vvd -
I| 5| 68928 hvd | 1.4 68831 h 1.9—~1.3 || 68790 h va -
5p | R 0 || 68829.4 2.04 6882 1.3] 1.9—~1.3 - -
4d | O 0 || 67810 - 67810 - 67810 -
1| 4 - - 67835 h vd - 67795 h vd 1.4
E 3 | 67790 a 1.91 67668 1.86 67607 1.82
H 2 || 67360 h - - - - -
55 | S 0 || 67135.0 1.970
M 1 | 66972 1.995 66929 1.90 66906 1.87
D 6 || 66000% 1.77% 65750% - - -
E 2 || 65514.94 1.9408 + 65428.8 1.874 65388.6 1.842
H 1 || 65044.9 1.976 65000 - - -
4p | M 0 | 64659 2.013 64655 1.95 64653 1.91
D 5 | 64150% - 63960% - 63872% -
E 1 | 63204.7% 1.9591 + - - - -
3d | H 0 | 62705.5 1.994 62701 - - -
D 4 | 62107.2 1.9047 61956,1 1.8383 - -
4s | E 0 | 60862.8+ | 1.9772% - ] - -
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2
A-states

Table 3
%A states Note NPott n4ot®
R |[NR| v T B T B T B
N 2 || 72289.3 |1.91—1.90 72204.1 | 1.85—~1.83 72163.9 |1.81—1.81
B' |10 - - - - | 70245.07 [1.41—1.53
5d | U 0 (]expected ~70150 cm'l, not identified) ]
N 1| 69978.4 |1.86—1.83 69924.0 | 1.80—1.76 69897.4 |1.75—1.73
B'| 9| 69516.9 1.16 69384.2 1.09 69320.5 1.09
F 3 || 69011.2 1.90 68888.2 1.84 68830. 1 1.81
B'| 81| 68619.9 1.147 68495.3 1.126 68435,7 1.10
B'| 7| 67699.77 |1.35—~1.90 67536.54 | 1.30—1.22 67492.4 1.18
4d |N 0 - ] - 67635.74 | 1.70—1.80 67623.7 |1.76—1.81
F 2 | 66816.617 |1.65—1.83 66723.5¢ | 1.61—~1.69 66679.6y {1.58—1.64
B'| 6 - ) - 66487.6] 1.48—1.30 66442.0] 1.36—1.27
B' | 5| 65636.5 1.227 6) || 65550.5 - 65509.7 -
B' | 4| 64600.74 | 1.3 —~1.6 64531.6 - 64498.8 -
F 1 64367.7] 1.852 64321.0] 1.825 - ] -
B' | 3| 63485.8 1.257 6) - - - -
B' | 2| 62366.8 1.282 6) | 62332.7 - - -
3d |F 0 | 62051.1 1.967 62046.7 1.899 - -
B' | 1] 61213.2 1.302 &) - - - §
B'| 0 - 1.321 6) || 60036.1 - - -

, 2
T - Energy of level N= 2, J= 1}, relative to X "Il (v=0), J=3).

All B' ZA levels show a small inverted doublet splitting (cf., Miescher, 1956).
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Table 4 1 22+ -X ZH -bands

15 16
N14016 N 50 N14018
*
v vh AG B Vh AG B vh AG B
0 To &~ 63000. % cm_1
4 - 67835 d - 67795 d 1.4
6
5 | 689284 138 | 68831s! 27° ! (1.9~1.3 || 687904d | 99% | -
6 69993 s 1065 1.350 -
7 70935 d 945 1.32 -
Vh - Ru-head.
- Diffuse.
s - Sharp.
v* - Tentative vibrational quantum number,
lgll_e_ti p - complexes
2

I 22+
n np ~ complex Avz, 1) qcalc qobs Bapp— true
6 Y 2):+ + W 21’1 100 0.16 0.1 .12
5 R 22+ + Q ZH 184 0.087 0.03 .05
4| M2zt+ KON 370 0.043 | 0.035 .02
3 D ZE+ + C ZH 920 0.017 0.016 .00

n - Principal quantum number.
Ay(X,II) - Energy difference between I and Il state of the complex.

-1
Btrue has been adopted identical to Bo (vot, x 12+) =1.992 cm .




Table 6 Mixed levels with anomalous absorption intensities

Isotope 254 25+ 2n-21 NN

N 4ottt Q(v=0)—~L(v=6) |B'(v=7)—=N(v=0)
W(v = 0)~BLP(v = b)

N4ol8 B'(v = 10)—~U(v = 0)

2
Table 7 Quantum defects in the series (0 np) E+

State T, (n) 6 (n)
oo not x 'zt 74740 cm " -
No vzt | 70846 0.691
R %zt | 68829 0.691
Mest | 64659 0.701
p %t | 3201 0.738




Figure 1
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Figure 5

FIGURE CAPTIONS
a) Electronic energy level diagram; b) Schematic potential energy

curves.

Unperturbed and perturbed rotational term sequences.
. 2.+ 2

Potential energy curves for X, 21'1, A-states,

2II levels (N14016) near dissociation limit N(ZD) + O(3P) at

71660 cm-l. Dots connected with heavy curves represent observed
energy levels. An approximate deperturbation of the interacting
pairs Q(v=1)+ BLP(c) and K(v= 3) + BLP(d) yields the light lines.

B-values are noted on the right-hand side.

Unperturbed and perturbed vibrational wave functions.
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